This paper describes the deformation characteristics of a base-course material which is a mixture of steelmaking slag, blast-furnace slag and fly ash pellet (here called 'the compound slag B'). The deformation characteristics are investigated by carrying out a repeated loading triaxial compression test: the equations expressing the resilient and permanent deformation behaviour are presented. It is shown that the compound slag B exhibits better deformation characteristics than Hydraulic mechanically stabilized slag (HMS), a standard slag base-course and that the same equations of representing the resilient and permanent deformation behaviour are applicable to the compound slag B as those for HMS and a previously-investigated compound slag.
INTRODUCTION
Effective use of industrial by-product is essential to preservation of resources and decrease in energy consumption in Japan.
Slag is by-product in the iron and steel making process and has been increasingly used as basecourse material. Hydraulic mechanically stabilized slag ( hereafter called 'HMS'), is recognized as a standard slag base-course material in the design manual of asphalt pavements 1), and it has been used in asphalt pavement practice. In the authors' laboratory, a compound slag has been investigated to encourage use of steel-making slag which was then little used as base-course material; it was a mixture of steel-making slag, gradually cooled blast-furnace slag and rapidly cooled blast-furnace slag in the ratio of 5: 3: 2 (hereafter called 'the compound slag A') 2), 3), 4) , Most fly ash is by-produced at thermal power plants in Japan and the amount is expected to significantly increase in the near future. Fly ash is classified roughly into one from a combustion boiler of fine powdered coal (hereafter called 'fine powdered coal ash') and the other from a combustion boiler with fluidized bottom (hereafter called 'fluidized bottom ash'): the latter contains more lime and carbon components. Fly ash pellet is made by solidifying these two types of fly ashes with cement and gyspum. It is then crushed and graded for use.
Deformation characteristics of base-course and subgrade in asphalt pavements are represented in terms of linear elastic constants in Japan. This is because of easiness of their use and determination in routine practice. However, much efforts have been made to express the deformation behaviour of base-course and subgrade in terms of nonlinear elastic constants based upon laboratory repeated (or dynamic) loading tests especially in UK and USA, considering the fact that the conventional base-course and subgrade materials deforms nonlinearly even in a strain/stress level as small as encountered in actual pavements 5), 6) Various equations representing the nonlinear deformation behaviour of base-course and subgrade have been proposed in the literature 7), 8), 9).
In this study, investigated is another compound slag base-course material consisting of steelmaking slag, blast-furnace slag and fly ash pellet mentioned above. Its deformation characteristics are investigated by carrying out repeated loading triaxial compression tests and discussed in comparison with those of the compound slag A and HMS.
RESILIENT AND PERMANENT DEFORMATION CHARACTERISTICS
(1) Repeated loading triaxial compression tests a) Test material and specimen preparation Test material is a mixture of steel-malting slag, blast-furnace slag and fly ash pellet as shown in Table 1 (hereafter called 'the compound slag B'). Table 2 shows some physical properties of the constituents.
The fly ash pellet is a mixture of fine powdered coal ash, fluidized bottom ash, desulfurized gypsum and cement as given in Table 3 . The chemical components of fine powdered coal fly ash and fluidized bottom ash are given in Table 4 .
A preliminary study shows that the maximum dry density of the compound slag B is 1. 785 g/cm3 and the optimum water content is 17. 8 %, that the maximum dry density is smaller and the optimum water content is larger than those of HMS and the compound slag A. Test specimens are prepared as follows: 1) place the test material into a mould and compact it at the optimum water content; 2) detach the sample from the mould and cover it with plastic wraps and wet cloths; 3) cure it in the ground at a depth of 300mm for certain periods of time, 0, 0. 5, 1, 3 and 6 months; and 4) trim the both ends of the sample to form a test specimen of 100mm in diameter and 200mm in height. Table 1 Components of compound slag B Table 3 Constituents of fly ash pellet Table  2 Physical properties of compound slag B components Table  4 Chemical components of fly ash b) Test procedure The testing apparatus used in this study is an ordinal repeated loading triaxial testing system with a dual cell for unsaturated soil specimens. Repeated axial loads are applied using a Bellofram cylinder connected with a dualdirectional electromagnetic valve. The loading time is controlled by a timer. Repeated deviatoric loads are adjusted using a load cell between the piston and the Bellofram cylinder, a dynamic strain meter and a recorder. Friction between the loading piston and the outer cell is reduced by circulating fluid paraffin around the piston. Lubricated ends are formed using an annular plastic disk with silicon oil on each end of the specimen. The axial displacement is measured using a dial gauge connected with the loading piston and the volumetric change is measured using a pressure difference gauge or as readings of variation of water table in the inner cell.
A test specimen is first isotropically consolidated under the confining pressure applied in the subsequent repeated loading.
Then, a prescribed deviatoric stress is applied repeatedly to the specimen with a loading time of 0. 1 s and a pause of 2s. The number of load applications is set as 20, 000 at which the permanent axial strain increment usually becomes negligible. Subsequently, adjusting the confining pressure so as to keep the mean principle stress constant, the deviatoric stress is gradually reduced and applied to the specimen about 500 to 2, 000 times to measure the resilient strain 10). All the tests are carried out under drained condition. The applied stress condition is summarized in Table 5 . Note that fractions in the magnitude of applied stresses are due to unit conversion to SI.
(2) Deformation characteristics a) Resilient deformation
The resilient deformation modulus, Mr, is calculated as a ratio of repeated deviatoric stress to resulting resilient axial strain. Fig. 1 shows the relationships between resilient deformation modulus and deviatoric stress at a curing time of 3 months. Also shown in the figure are regression lines of which equation is presented later in this sub-section.
It is seen that the resilient deformation modulus decreases as the deviatoric stress increases and that it, although not clear in this particular figure, tends to become constant at a deviatoric stress greater than about 0. 196 MPa. This tendency was also observed in the test results on the compond slag A and HMS, and has been considered due to that, the material behaves like an clayey soil due to development of cementation effect similar to cohesion resulting from the hydraulic hardening nature inherent in these slag materials 3), 10), 11), On this ground, it is assumed, as shown later in this section, that the same form of a regression equation as for the compound slag A and HMS is applicable to this compound slag B.
It is also seen that the greater the mean principal stress, the greater is the resilient deformation modulus. Fig. 2 shows the influence of curing time upon the resilient deformation modulus in terms of regression lines at a mean principal stress of 0. 160 MPa.
It is seen that the resilient deformation modulus increases with curing time but that beyond 3months the increase seems slight. Fig. 3 shows the relationships between resilient deformation modulus and mean principal stress at a deviatoric stress of 0. 059 MPa. This figure confirms that the resilient deformation modulus increases with mean principal stress. Reduced influence of curing time upon the resilient deformation modulus can be seen after 3months.
The observations above are similar to those for HMS and the compound slag A tested in the past3), 10) but the magnitude of the resilient deformation modulus of the compound slag B is slightly greater than that of HMS and a bit smaller than that of the compound slag A. The form of the regression equation representing the resilient deformation modulus is the same as that for HMS and the compound slag A; it is expressed, in terms of deviatoric stress and mean principal stress, as follows:
where Mr is resilient deformation modulus in MPa, and p and q are mean principal stress (=(a l + 2a3)/3) and deviatoric stress (= al -a3) in MPa, respectively. K, M and N are material constants of which values are given in Table 6 . Note that N is zero for q > 0. 196 MPa. Fig. 4 shows the resilient Poisson's ratio in terms of stress ratio (= q/p). It is seen that as the stress ratio increases, the Poisson's ratio increases and that the Poisson's ratio decreases as the curing time increases.
Similar observation was also obtained for HMS and the compound slag A 3). The regression equation is expressed as Vr=Ap+A111 +A212
(2) Curing time=Omonths Curing time=0. 5months Curing time=1 months Curing time=3months Curing time=6months Table  6 Material constants for resilient deformation modulus Table  7 Material  constants  for resilient  Poisson's  ratio where Ti is stress ratio and Ao, Al and A2 are material constants of which values are given in Table 7 . b) Permanent deformaiton Fig. 5 shows the relationship between the permanent axial strain and the number of load applications for the curing time of 0. 5 months and the applied mean principal stress of 0. 078 MPa. Also shown in the figure are the regression curves of which equations are given below.
It is observed" that the permanent axial strain increases with the number of load applications rapidly at the beginning, then gradually at the number of load applications greater than about 2000. It is also seen that the larger the applied stress, the larger is the magnitude of the resulting permanent axial strain. 
where N is the number of load applications, No is the reference number of load applications (= 2000), Ep is permanent axial strain at N, Epo is permanent axial strain at No, and a and b are experimental constants. Note that Epo and the parameters a and b are obtained for each combination of curing time, applied deviatoric stress and applied mean principal stress, as given in Table 8 . (4) where Ep, uit is ultimate permanent axial strain, and k, u and v are experimental constants. The experimental constants k, u and v are obtained for each curing time as given in Table 9 .
CONCLUSIONS
The following conclusions can be drawn from this study. 1) The resilient deformation modulus of the compound slag B decreases as the deviatoric stress increases and tends to become constant at a deviatoric stress greater than about 0. 196 MPa. It increases with mean principal stress and also with curing time. It is indicative that cementation effect develops due to the hydraulic hardening nature inherent in these slag materials.
2) The Poisson's ratio of the compound slag B increases as the stress ratio increases, and it decreases as the curing time increases.
3) The permanent axial strain of the compound slag B increases with the number of load applications rapidly at the beginning, then gradually at the number of load applications greater than about 2000.
The larger the applied stress, the larger is the magnitude of the resulting permanent axial strain.
4) The compound slag B exhibits deformation characteristics equivalent to or better than HMS, a standard slag base-course material, and a bit worse than the compound slag A. 
